The c-Myc oncogenic transcription factor (Myc) is pathologically activated in many human malignancies. Myc is known to directly upregulate a pro-tumorigenic group of microRNAs (miRNAs) known as the miR-17-92 cluster. Through the analysis of human and mouse models of B cell lymphoma, we show here that Myc regulates a much broader set of miRNAs than previously anticipated. Unexpectedly, the predominant consequence of activation of Myc is widespread repression of miRNA expression. Chromatin immunoprecipitation reveals that much of this repression is likely to be a direct result of Myc binding to miRNA promoters. We further show that enforced expression of repressed miRNAs diminishes the tumorigenic potential of lymphoma cells. These results demonstrate that extensive reprogramming of the miRNA transcriptome by Myc contributes to tumorigenesis.
The c-Myc oncogenic transcription factor (Myc) is pathologically activated in many human malignancies. Myc is known to directly upregulate a pro-tumorigenic group of microRNAs (miRNAs) known as the miR-17-92 cluster. Through the analysis of human and mouse models of B cell lymphoma, we show here that Myc regulates a much broader set of miRNAs than previously anticipated. Unexpectedly, the predominant consequence of activation of Myc is widespread repression of miRNA expression. Chromatin immunoprecipitation reveals that much of this repression is likely to be a direct result of Myc binding to miRNA promoters. We further show that enforced expression of repressed miRNAs diminishes the tumorigenic potential of lymphoma cells. These results demonstrate that extensive reprogramming of the miRNA transcriptome by Myc contributes to tumorigenesis.
Dysregulated expression or function of the oncogenic transcription factor Myc occurs frequently in human malignancies. Through the positive and negative regulation of an expansive network of target genes, Myc globally reprograms cells to drive proliferation and, in some settings, to induce cell death [1] [2] [3] [4] . Myc uses distinct mechanisms for activating and repressing gene expression. When inducing transcription, Myc dimerizes with its binding partner Max and binds to genomic DNA directly upstream or within the first introns of target genes 5, 6 . When repressing transcription, Myc does not seem to contact DNA directly. Rather, Myc is recruited through protein-protein interactions to core promoters, where it antagonizes the activity of positive regulators of transcription 7 . For example, Myc can bind to and inhibit the activity of the transcription factor Myc-interacting zinc finger protein 1 (Miz1), thereby preventing Miz1 from activating transcription of the CDKN1A (also known as p21 WAF1/CIP1 ) and CDKN2B (p15 INK4b ) cell cycle-inhibitory genes 8, 9 . Repression of other Myc targets is probably mediated through the ability of Myc to interact with and to antagonize the activity of additional transcriptional regulators, including Sp1, Smad2 and NF-Y (refs. [10] [11] [12] .
miRNAs are a diverse family of RNA molecules, typically B18-24 nucleotides in length, that have emerged as a class of Myc-regulated transcripts 13 . miRNAs regulate the stability and translational efficiency of partially complementary target mRNAs. miRNAs are initially transcribed by RNA polymerase II as long primary transcripts (primiRNAs) that are capped, polyadenylated and frequently spliced 14, 15 . The mature miRNA sequences are located in introns or exons of primiRNAs, within regions that fold into hairpin structures of B60-80 nucleotides. Although most pri-miRNAs are noncoding transcripts, some miRNAs are located within introns of protein-coding genes 16 . miRNA maturation requires a series of endonuclease reactions in which miRNA hairpins are excised from pri-miRNAs, the terminal loop of the hairpin is removed, and one strand of the resulting duplex is selectively loaded into the RNA-induced silencing complex (RISC) 17 . This miRNA-programmed RISC is the effector complex that carries out regulation of target mRNAs.
A large body of evidence has documented nearly ubiquitous dysregulation of miRNA expression in cancer cells 18 . These changes in miRNA expression are highly informative for the classification and prognosis of cancer 19, 20 . In addition, altered expression of specific miRNAs has been shown to promote tumorigenesis. For example, a group of six co-transcribed miRNAs known as the miR-17-92 cluster is amplified in lymphoma and solid tumors 21 . These miRNAs are frequently overexpressed in tumors, promote proliferation in cell lines, and accelerate angiogenesis and tumorigenesis in mouse models of Myc-induced colon cancer and lymphoma [22] [23] [24] [25] . Although select miRNAs are upregulated in cancer cells, global miRNA abundance seems to be generally reduced in tumors 20 . Downregulation of miRNA probably contributes to neoplastic transformation by allowing an increased expression of proteins with oncogenic potential 26 . Evidence suggests that a block in the first step of miRNA processing may contribute to the reduced abundance of select miRNAs in cancer cells 27 . Additional mechanisms of miRNA downregulation, including direct transcriptional repression, have not been investigated.
We previously showed that Myc directly activates transcription of the miR-17-92 cluster 13 . Through the analysis of human and mouse models of Myc-mediated lymphomagenesis, we have now identified a large set of additional Myc-regulated miRNAs. Unexpectedly, induction of Myc results primarily in widespread downregulation of miRNA expression. Chromatin immunoprecipitation (ChIP) studies indicate that Myc binds directly to promoters or conserved regions upstream of the miRNAs that it represses. We also show that expression of Myc-repressed miRNAs markedly impedes lymphoma cell growth in vivo. These observations suggest that repression of tumor-suppressing miRNAs is a fundamental component of the Myc tumorigenic program.
RESULTS

Identification of Myc-repressed miRNAs
We previously described the use of a spotted oligonucleotide array to identify the miR-17-92 cluster as a direct transcriptional target of Myc 13 . To determine whether Myc regulates additional miRNAs, we produced custom microarrays with an expanded set of probes capable of assaying the expression of 313 human miRNAs and 233 mouse miRNAs. Two models of Myc-mediated tumorigenesis were chosen for analysis. As in our previous studies, we used P493-6 cells, which are Epstein-Barr virus-immortalized human B cells that carry a tetracycline (tet)-repressible allele of Myc 28 . These cells are tumorigenic in immunocompromised mice and represent a model of human B cell lymphoma 29 . miRNA expression profiles were examined in the highMyc (Àtet) and low-Myc (+tet) states. miRNA expression was also assayed in a mouse model of Myc-induced B cell lymphoma. In this system, bone marrow from p53-null (Trp53 -/-) mice is infected with a retrovirus that produces a fusion protein of Myc and the estrogen receptor (MycER). Infected cells form polyclonal B cell lymphomas in the presence of 4-hydroxytamoxifen (4-OHT), which activates the MycER fusion protein 30, 31 . RNA from subcutaneous tumors with high-Myc activity (mice treated continuously with 4-OHT) and low Myc activity (mice from which 4-OHT was withdrawn after tumor formation) was analyzed (see Supplementary Tables 1 and 2 online for complete expression profiling data for both models). All miRNAs showing a twofold or greater upregulation or downregulation in the high-Myc state in both human and mouse models were chosen for further analysis. We also selected miRNAs that showed a 1.5-fold or greater change in expression in both models if either the miRNA or a related family member was known to be deleted or mutated in cancer, or if the expression of a related family member changed twofold or greater in both models.
Unexpectedly, the predominant consequence of Myc induction in both model systems was widespread repression of miRNA expression. Very few upregulated miRNAs satisfied the criteria for inclusion in the study. Consistent with our previous findings, miRNAs derived from the miR-17-92 cluster were upregulated more than twofold by Myc in both models. miR-7 was the only other consistently upregulated miRNA identified by the microarray experiments. However, we were unable to detect this miRNA by RNA blotting (data not shown), so it was not studied further. At least 13 downregulated miRNAs, potentially representing 21 distinct transcription units, satisfied our criteria for inclusion in the study ( Table 1) . Of these downregulated miRNAs, miR-15a, miR-22, miR-26a, miR-29c, miR-34a, miR-195 and let-7 have been found to be mutated in some cancers or are located in genomic regions known to be deleted in cancer 19, 32 .
To confirm the expression changes detected by microarray analyses, RNA blotting was used to examine miRNA expression in P493-6 cells with high (Àtet) and low (+tet) Myc expression (Fig. 1) . Where more than one member of a miRNA family showed changes in expression (miR-26a and miR-26b, miR-29a and miR-29c, miR-30e and miR-30c, and members of the let-7 family), we considered the possibility that cross-hybridization contributed to the microarray signals. We previously established RNA blotting conditions that can assay specific members of the miR-29 family that differ by as few as two nucleotides 33 . We used these conditions to assay expression of miR-26a and miR-26b, which differ by three nucleotides, and of all other miRNAs with the exception of the more complex miR-30 and let-7 families (Fig. 1a) . The results obtained by RNA blotting were highly concordant with those obtained by microarray. Three other miRNAs that are in clusters with the downregulated miRNAs were included in these RNA blotting studies (miR-16, miR-29b and miR-497). In most cases, clustered miRNAs behaved similarly (for example, miR-29a and miR-29b; miR-29b and miR-29c; and miR-15a and miR-16), with the exception of miR-497, which is clustered with miR-195 and was undetectable by microarray or RNA blotting.
For the larger miR-30 and let-7 families, additional experiments were performed to establish specific hybridization conditions for each family member. Because of the considerable complexity of the let-7 family, analysis of this group of miRNAs is described separately below. The miR-30 family consists of five distinct mature miRNA sequences (miR-30a to miR-30e) organized in three clusters (Fig. 1b) . Specific RNA blotting conditions were established by hybridizing probes to synthetic RNA oligonucleotides identical in sequence to each miR-30 family member (Fig. 1c) . Endogenous miR-30a was not detected, suggesting that the miR-30a/miR-30c-2 cluster is not expressed in this cell line. The other two miR-30 clusters were expressed and downregulated in the high-Myc state.
The expression of several miRNAs was examined further in MycER tumors, where the expected repression was also observed (Supplementary Fig. 1 online) . We then determined whether human tumor cells associated with Myc overexpression show low expression of the repressed miRNAs. Analysis of a previously published miRNA expression profiling data set 24 indicated that most Myc-repressed miRNAs are expressed at lower levels in Burkitt's lymphoma cells than in nontransformed B cells ( Supplementary Fig. 2a online) . In addition, inhibition of Myc expression using short hairpin RNA (shRNA) in a Burkitt's lymphoma cell line resulted in 
Association of Myc with promoters of pri-miRNAs
Studies have shown that Myc associates with the core promoters of the genes that it represses 7 . We therefore used ChIP to assay for the presence of Myc at the promoters of miRNAs downregulated in P493-6 cells. We first focused on miRNAs that are contained within pri-miRNAs with previously defined transcription start sites. Six such transcripts, encoding eight miRNAs (miR-15a, miR-16-1, miR-22, miR-30e, miR-30c-1, miR-26a-1, miR-26a-2 and miR-26b), were considered putative negative targets of Myc on the basis of our expression studies (Fig. 2a) . Of note, a genome-wide analysis of Myc binding sites has shown association of Myc with the promoter of DLEU2, the primary transcript of the miR15a/miR16-1 cluster 34 . Although expression of the miRNAs was not examined, expression of DLEU2 was shown to be reduced in the high-Myc state 34 .
To assay for Myc binding, we designed real-time PCR amplicons within three 250-bp windows near the transcription start sites of the miRNA transcripts: amplicon S, located immediately upstream of the transcription start site; amplicon U, located 500 bp upstream of amplicon S; and amplicon D, located 500 bp downstream of amplicon S (Fig. 2b) . Owing to the high G+C content of the promoters of miR-26a-1 and miR-26a-2, only a subset of these amplicons could be designed for these miRNAs. As a positive control, an amplicon was designed within the promoter region of CDKN1A, a validated downregulated target of Myc 8 . We observed 50-fold enrichment of the CDKN1A promoter amplicon in Myc ChIP samples as compared with ChIP samples generated with an irrelevant antibody (Fig. 2c) . We therefore set 50-fold enrichment as the threshold for positive Myc binding in all subsequent studies. Signals above this threshold were obtained near the transcription start sites for each of the six pri-miRNAs assayed (Fig. 2c) , providing strong evidence for the association of Myc with these promoters. These signals were greatly reduced when Myc expression was inhibited by treatment with tetracycline, demonstrating the specificity of these findings.
Myc association with conserved regions upstream of miRNAs
The remaining downregulated miRNAs, with the exception of some of the let-7 miRNA transcription units (see later), have unmapped transcription start sites, and therefore identification of the associated Myc binding sites required a different strategy. As illustrated by the pri-miRNAs in Figure 2a , miRNA promoters may be located a few kilobases to more than 50 kb upstream of the miRNAs. Because miRNAs are, in general, highly conserved, we reasoned that their promoters would tend to be conserved. We therefore selected conserved candidate regions upstream of miRNAs in which to assess Myc binding. As an initial test of this strategy, we examined the miR-29b-2/ miR-29c cluster. Using Vista software, we identified a clear region of conservation B20 kb upstream of these miRNAs (Fig. 3a,  amplicon C) . ChIP analysis in P493-6 cells revealed strong association of Myc specifically with this conserved region (Fig. 3b) . Myc was not bound to nearby nonconserved regions (Fig. 3a, amplicon N) , demonstrating the specificity of this finding.
We used the same strategy to assess Myc binding upstream of the remaining downregulated miRNAs. We found evidence for Myc binding to conserved regions upstream of the miR-29b-1/miR-29a cluster, the miR-30d/miR30b cluster, miR-34a and miR-146a (Fig. 3b and Supplementary Figs. 3-6 online) . Strong Myc binding was also observed upstream of the miR-195/miR-497 cluster. Because this binding site is also near the transcription start site of BCL6B, however, we cannot rule out the possibility that Myc binding leads to the regulation of BCL6B transcripts, not the miRNAs ( Supplementary  Fig. 7 online) . Despite assaying several amplicons, we obtained no evidence for Myc binding in the vicinity of miR-150 ( Supplementary  Fig. 8 online) . As a further negative control, we assayed for Myc binding at six conserved sites upstream of the miR-30a/miR-30c-2 cluster, which is not expressed in P493-6 cells (Fig. 1c) . As expected, none of these amplicons yielded positive ChIP signals (Supplementary Fig. 9 online) .
Given that Myc bound in the vicinity of the transcription start sites of six out of six tested miRNA transcription units of known structure (Fig. 2) , it seemed likely that the conserved Myc binding sites that we identified upstream of miR-29b-1/miR-29a, miR-29b-2/miR-29c, miR-30d/miR-30b, miR-34a, miR-146a and possibly miR-195/miR-497 were within miRNA promoters. To test this possibility directly, we Fig. 2c ). The conserved amplicon that showed maximal Myc binding (C) and a representative negative control amplicon (N) are shown for each miRNA. Locations of these and additional amplicons for the miR29b-1/miR-29a cluster, the miR-30d/miR-30b cluster, miR-34a, miR-146a, the miR-195/miR-497 cluster and miR-150 are shown in Supplementary  Figures 3-8 . used RACE to characterize completely a subset of these pri-miRNAs. For three of the transcripts, spliced ESTs were available to use as a starting point for RACE; in addition, we previously reported the complete structure of the primary transcript of miR-34a (ref. 35) . For each of these pri-miRNAs, the experimentally determined 5¢ end corresponded precisely to the conserved site that showed maximal Myc binding (Fig. 3c) . Another study has also defined an identical transcription start site for miR-146a (ref. 36 ).
In summary, we identified sites bound by Myc upstream of 12 of 13 repressed miRNA transcription units of both known and unknown structure. In ten of these cases, the Myc binding site was determined to correspond precisely to the 5¢ end of the pri-miRNA. These findings indicate that much of the repression of miRNAs observed in the highMyc state is likely to be a direct consequence of Myc binding to miRNA promoters.
Dissection of regulatory control of let-7 miRNA clusters
The miRNAs downregulated in the high-Myc state included members of the let-7 family, which comprises nine highly related mature miRNA sequences produced from eight different transcription units (Fig. 4a) . let-7 miRNAs are known to be downregulated in lung tumors, and evidence suggests that they possess tumor suppressor activity [37] [38] [39] . We established hybridization conditions specific for nearly all of the human let-7 miRNAs by hybridizing DNA oligonucleotide probes against synthetic RNA oligonucleotides identical in sequence to each let-7 family member (Fig. 4b) . Specific hybridization conditions were also identified for members of the miR-99/miR-100 family, which are clustered with a subset of let-7 miRNAs (Fig. 4c) . Three let-7 clusters also include members of the miR-125 family that are sufficiently different to distinguish by standard RNA blotting conditions (seven nucleotides differ between miR-125a and miR-125b). We detected the expression of let-7a, let-7d, let-7g, miR-99a and miR-125b in P493-6 cells, and all of these miRNAs were downregulated in the high-Myc state (Fig. 4b-d) . The remaining miRNAs assayed were not detectable. These data are most consistent with expression of only the let-7a-1/let-7f-1/let-7d cluster, the miR99a/let-7c/miR-125b-2 cluster, and let-7g in this cell line.
We used ChIP to assess Myc binding to promoters or conserved sites upstream of these miRNA transcription units. Strong evidence was obtained for Myc binding to a conserved site upstream of the let-7a-1/let-7f-1/let-7d cluster, which is contained within a pri-miRNA that has not been characterized, and to the transcription start site of the let-7g pri-miRNA (Fig. 5) . Signals above the 50-fold enrichment threshold were not obtained at either of two alternative transcription start sites for the miR-99a/let-7c/miR-125b-2 pri-miRNA, suggesting that this transcript is not a direct target of Myc.
Repressed miRNAs disadvantage lymphoma cell growth in vivo
To examine whether downregulation of specific miRNAs contributes to Myc-mediated tumorigenesis, we used an in vivo selection model of B cell lymphomagenesis 40 . Retroviral expression vectors were first generated by cloning individual human miRNAs or miRNA clusters into a derivative of the murine stem cell virus (MSCV-PIG) that also expresses green fluorescent protein (GFP; ref. 41 and Fig. 6a ). Ten distinct miRNA expression constructs were generated (miR-15a/ miR-16-1, miR-22, miR-26a-2, miR-29b-1/miR-29a, miR-30b, miR34a, miR-146a, miR-150, miR-195/miR-497 and let-7a-1/let-7f-1). This set included all unique miRNAs that were downregulated in the high-Myc state and at least one member of each downregulated miRNA family. Each of the mature miRNA sequences is identical in human and mouse. Retroviral constructs were used to infect Myc3 cells, a B cell lymphoma line generated by expressing Myc in bone marrow from Trp53 -/-mice 42 . To determine the consequences of expressing these miRNAs in the setting of transformation by other oncogenes, 38B9 cells, pro-B cells transformed by the v-Abl (Abl1) oncogene 43 , were used in a parallel series of experiments. Retroviral infection conditions were adjusted to achieve a level of B50% GFP positivity in recipient cells, and these mixed cultures were injected subcutaneously into severe combined immunodeficient (SCID) mice. After B3 weeks, the resulting tumors were removed and the percentage of remaining GFP-positive cells was measured. Expression of miRNAs that inhibit tumorigenesis will impart a selective disadvantage to retrovirally infected cells and will therefore result in a decrease in the percentage of GFP-positive cells in tumors.
To assess whether retroviral expression produced physiologically relevant levels of mature miRNAs, we compared the expression of miRNAs in retrovirally infected Myc3 and 38B9 cells to endogenous expression in the nontransformed pro-B cell line YS-PB11 (ref. 44 and Supplementary Fig. 10 online) . Expression of miR-150, which is not expressed in YS-PB11, was compared to that in MycOFF tumors. For nearly all miRNAs, retroviral expression levels ranged from 0.6 to 6 times those observed in the physiologic setting. Higher expression was observed for miR-22 in both tumor cell lines and for miR-195 in 38B9 cells, and therefore the results obtained with these viruses in these settings must be interpreted with caution.
We could not establish stably infected cell populations with the let-7a-1/let-7f-1, miR-29b-1/29a and miR-146a viruses. This result may indicate that these miRNAs impose strong negative selection during in vitro cell growth, although this might also be a consequence of inefficient packaging of these viruses. For the remaining viruses, we attained 30-70% infection of recipient cells, as assessed by GFP positivity. The percentage of GFP-positive cells in Myc3 and 38B9 cell populations infected with empty, miR-18a or miR-30b viruses remained constant before and after tumor formation (Fig. 6b) . In contrast, Myc3 and 38B9 cells infected with miR-34a, miR-150, miR-195/miR-497 and miR-15a/miR-16-1 viruses were nearly eliminated from tumors, indicating that these miRNAs possess tumor-suppressing properties in the setting of both Myc-and v-Abl-mediated transformation. miR-26a inhibited tumorigenesis specifically in Myc-transformed cells, whereas miR-22 expression affected tumorigenesis only in v-Abl-transformed cells. Notably, there was no correlation between the magnitude of miRNA expression and the phenotype observed, indicating that these results are unlikely to represent an artifact of retroviral overexpression. For example, miR-15a/miR-16-1, which had one of the strongest negative effects on tumorigenesis in both cell lines, showed the lowest retroviral expression levels ( Supplementary Fig. 10 ). These data demonstrate that several of the miRNAs that Myc represses have tumorsuppressing activity in the setting of both Myc-mediated transformation and transformation by other oncogenes. Future work is necessary to determine whether the antitumorigenic properties of these miRNAs results from their ability to downregulate a housekeeping gene that is rate limiting for proliferation or from the specific inhibition of pro-oncogenic pathways.
To determine whether downregulation of anti-tumorigenic miRNAs correlates with enhanced cellular proliferation after Myc activation, we examined the kinetics of miRNA repression in P493-6 cells ( Supplementary Fig. 11 online) . These cells do not begin proliferating until 48 h after tetracycline removal and do not reach maximal growth rates until at least 72 h after Myc induction 45 . We observed substantial downregulation of miRNAs by these time points, consistent with a requirement for their repression to precede Myc-induced proliferation.
DISCUSSION
Pathologically activated expression of Myc is one of the most common oncogenic events in human cancers 4 . Here we have shown that a major consequence of Myc activation is extensive reprogramming of the miRNA expression pattern of tumor cells. Although the protumorigenic miR-17-92 cluster is directly upregulated by Myc 13 , our current findings unexpectedly show that the predominant influence of Myc on miRNA expression is widespread downregulation. Repression of miRNA expression by Myc is consistent with the previous observation that miRNA levels are globally reduced in tumors 20 . Although it has been demonstrated that a block in miRNA biogenesis contributes to the suppression of specific miRNAs in cancer 27 , our findings suggest that direct transcriptional repression is also likely to contribute to this reduction in miRNA abundance. Much evidence supports the conclusion that miRNA repression favors Myc-mediated tumorigenesis. First, several of the miRNAs downregulated by Myc are mutated or located in regions known to be deleted in cancer, suggesting that they act as tumor suppressors 19, 32 . Indeed, the anti-tumorigenic properties of several Myc-repressed miRNAs have been extensively documented. For example, miR-15a and miR-16-1 are deleted or downregulated in over two-thirds of individuals with chronic lymphocytic leukemia, and they target the anti-apoptotic gene BCL2 (refs. 46,47) . Members of the let-7 miRNA family target the RAS oncogene and are frequently downregulated in lung cancer [37] [38] [39] . Evidence has implicated miR-34a as a crucial component of the p53 tumor suppressor network with potent antiproliferative and pro-apoptotic activity 35, 48, 49 . Repression of these miRNAs by Myc is likely to be an important mechanism contributing to their reduced function in cancer cells. In addition, we have shown that several Myc-repressed miRNAs have marked anti-tumorigenic activity in a mouse model of B cell lymphoma. In particular, miR-26a, miR-150 and miR-195/miR-497 were previously unknown to have tumor-suppressing properties. Taken together, the available data support the idea that the control of miRNA expression has an important role in Myc-mediated tumorigenesis. In addition, given recent successes in the systemic delivery of small RNAs to animals, these results raise the possibility that delivery of Myc-repressed miRNAs might represent a therapeutic strategy for cancer 50 . Indeed, these findings suggest that re-expression of even a single crucial miRNA may be sufficient to block tumor formation.
Our study also highlights the importance of careful dissection of the regulatory control of related miRNAs both in cancer and in other biological processes. miRNAs frequently exist in multiple highly related or identical copies distributed throughout the genome of a given species. This organization is exemplified by the nine distinct miRNAs of the let-7 family, which are produced from eight individual transcription units in humans. Although previous studies have observed downregulation of let-7 miRNAs in cancer [37] [38] [39] , the expression of individual let-7 transcription units, and therefore the origin of let-7 miRNAs in a given tumor, has rarely been examined. We have shown here the feasibility of dissecting the complex regulatory control of these miRNAs. Because related miRNAs do not always have identical functions 33, 51 , characterization of the specific miRNA family members that are dysregulated in a given tumor type is a necessary prerequisite for elucidating their roles in cancer pathogenesis.
Lastly, our data provide insight into the significance of the nearly ubiquitous dysregulation of miRNA expression that has been observed in diverse subtypes of cancer. Our results indicate that these abnormal miRNA expression patterns cannot be explained solely as an indirect consequence of the loss of cellular identity that accompanies malignant transformation. Rather, oncogenic events appear to directly reprogram the miRNA transcriptome to favor tumorigenesis. In light of the importance of miRNA regulation in Myc-mediated tumorigenesis, future studies are warranted to determine the extent to which other oncogenes have incorporated miRNA regulation into their tumorigenic programs.
METHODS
Cell culture. We cultured P493-6 cells (see Acknowledgments) in RPMI 1640 medium supplemented with 10% fetal bovine serum, penicillin and streptomycin. To repress Myc expression, cells were grown in the presence of 0.1 mg/ml of tetracycline (Sigma) for 72 h. Mouse lymphoma cells with high and low Myc expression were obtained as described 30, 31 .
miRNA microarray analysis. Custom microarrays containing oligonucleotide probes complementary to 313 human miRNAs or 233 mouse miRNAs were synthesized by Combimatrix. Probes containing two mismatches were included for all miRNAs. Array hybridization and data analysis were performed as described 35 . Signals that were less than twice the background were removed from subsequent analyses (listed as 'zero' in Supplementary Tables 1 and 2 ). For miRNA profiling of mouse B cell lymphomas, two tumors with high Myc and two tumors with low Myc expression were analyzed. miRNAs that were absent in three of the four tumors, or absent in one of each of the high-Myc and low-Myc tumors, were removed from subsequent analyses. Fold-change values were calculated for all four pairwise comparisons between the high-Myc and low-Myc tumors and then averaged to generate a mean fold-change value.
RNA blotting. For all miRNAs except those of the miR-30, miR-99/miR100 and let-7 families, RNA blotting was performed as described 33 using Ultrahyb-Oligo (Ambion) and DNA oligonucleotide probes complementary to the mature miRNA sequences. To establish specific hybridization conditions for related miRNAs, 1 ml of 10 nM RNA oligonucleotide was separated on polyacrylamide gels and probed as above. Blots were washed once in 2Â SSC plus 0.5% SDS at 42 1C, and a second time at a higher temperature such that less than 10% crosshybridization was observed. Specific wash temperatures for each probe are listed in Supplementary Table 3 online.
Myc knockdown in Burkitt's lymphoma cells. We transfected 293T packaging cells with a pLKO.1-Puro lentivirus expressing a shRNA targeting Myc or a control shRNA (Sigma). EW36 cells were infected three times with lentiviral supernatant. At 48 h after the initial infection, cells were selected in puromycin for 48 h before total RNA and protein were collected.
ChIP and quantitative real-time PCR. We carried out ChIP as described 13 . Real-time PCR was performed using an ABI 7900 Sequence Detection System with the SYBR Green PCR core reagent kit (Applied Biosystems). Sequences of primers used to amplify ChIP samples are provided in Supplementary Table 4 online.
RACE mapping of miRNA primary transcripts. The GeneRacer kit (Invitrogen) was used to characterize the miR-29b-2/miR-29c, miR-29b-1/ miR-29a and miR-146a primary transcripts. Before total RNA was isolated for use in these assays, expression of Drosha was inhibited by electroporating previously described short interfering RNAs 33 into tetracycline-treated P493-6 cells. Electroporation was performed as described 45 . Primer sequences are provided in Supplementary Table 4 .
Tumorigenesis assays. The miRNAs and at least 100 bp of flanking sequence were amplified from genomic DNA and cloned into the XhoI site of the retroviral vector MSCV-PIG 41 . Primer sequences are provided in Supplementary Table 4 . Correct vector construction was verified by direct sequencing. Retroviral infection of Myc3 and 38B9 cells, flow cytometry and tumor formation were performed as described 40 . All mouse experiments were approved by the University of Pennsylvania Institutional Animal Care and Use Committee.
Accession numbers. The sequences of miRNA primary transcripts have been deposited in GenBank under the following accession numbers: miR-29b-1/ miR-29a cluster, EU154353; miR-29b-2/miR-29c cluster, EU154351 and EU154352; and miR-146a, EU147785. Microarray data have been deposited in the Gene Expression Omnibus database under accession number GSE9129.
URLs. UCSC Genome Browser, http://genome.ucsc.edu/; Vista software package, http://genome.lbl.gov/vista/index.shtml.
